Abstract − Bioerosion by grazing and boring organisms is one of the major destructive forces operating on reef. The aim of this study was to estimate the intensity of internal bioerosion by both microflora and fauna of Acropora, a branching scleractinian, on the reef flat at La Saline (Réunion, Indian Ocean). Internal bioerosion was estimated at two sites, varying in degrees of eutrophication. At each site, dead Acropora subjected to heavy grazing or covered by algal turf were examined. Acropora formosa is subjected to high bioerosion due to its high porosity and its branching form, which facilitates colonisation by boring organisms. Three endolithic microflora species, Plectonema terebrans, Mastigocoleus testarum and Ostreobium queckettii colonised the branches. The mean density of polychaetes was high (72 individuals cm -3 ), and all were regarded as meiofauna (diameter < 0.5 mm). The main agents of bioerosion of Acropora formosa were boring microflora whose boring activities were four times greater (0.29 g cm -3 of CaCO 3 ) than that recorded by the boring fauna (0.07 g cm -3 of CaCO 3 ). Under high levels of eutrophication, the microflora were responsible for high bioerosion (30.8% of the surface of the substrate). In contrast, the composition of the fauna changed under these conditions but not the rate of bioerosion (4.4% maximum of the volume of dead Acropora). At the undisturbed site, the substrate covered by algae (within damselfish territory and therefore not subjected to grazing) had low levels of bioerosion caused by microflora (18.9% of the surface) and high bioerosion by fauna (9.5% maximum of the volume of dead Acropora) and in addition the composition of boring fauna was different to that found at the disturbed site with sipunculans being the dominant agent of bioerosion (6 individuals cm -3 maximum). © 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médi-cales Elsevier SAS Résumé − Bioérosion interne d'Acropora formosa (île de la Réunion, océan Indien) : activité des micro-et des macro-organismes perforants. La bioérosion par les organismes brouteurs et perforants est un processus majeur dans la destruction des récifs coralliens. Le but de cette étude est d'estimer l'intensité de la bioérosion interne d'Acropora formosa par la microflore et la microfaune sur le récif de La Saline. La bioérosion interne est étudiée sur deux sites en fonction du degré d'eutrophisation et du type de recouvrement du substrat (brouté ou recouvert d'un gazon algal). La bioérosion d'A. formosa est très élevée en raison de sa très forte porosité et de sa forme branchue, qui augmente la surface disponible à la colonisation par les perforants. Plectonema terebrans, Mastigocoleus testarum et Ostreobium queckettii sont les trois espèces principales de la microflore endolithique qui colonisent ces branches. Les polychètes, dont la densité moyenne est élevée (72 individus cm -3 ), appartiennent à la meiofaune (diamètre < 0,5 mm). La bioérosion résulte principalement de l'activité de la microflore (0,29 g cm -3 de CaCO 3 ) qui est 4 fois supérieure à celle de la meiofaune (0,07 g cm -3 de CaCO 3 ). En milieu eutrophisé, 30,8% de la surface du squelette est perforée par la microflore et 4,4% du volume érodé par la meiofaune. En milieu témoin, le plus faible pourcentage de bioérosion (18,9%) par la microflore est relevé dans les substrats couverts de feutrage algal alors que la bioérosion par la faune atteint 9,5% du volume du squelette due principalement à l'activité des siponcles (6 individus cm -3 ). © 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS Acropora / bioerosion / boring organisms / coral reef / Indian Ocean Acropora / bioérosion / organismes perforants / récifs coralliens / océan Indien
INTRODUCTION
Bioerosion is one of the important factors affecting the maintenance and persistence of coral reefs (Hubbard et al., 1990) . Rates of bioerosion may vary in space and time (Chazottes et al., 1995; Kiene and Hutchings, 1994b; Pari et al., 1998; Conand et al., 1998) . They are influenced by a number of biotic and abiotic factors (Risk et al., 1995) and more particularly by eutrophication, which has been shown to promote bioerosion intensity (Hallock, 1988; Pari, 1998; Holmes et al., 2000) . The structure of the boring community is also related to the skeletal density (Highsmith, 1981) and the internal structure of the coral (Amor et al., 1991) .
In a previous study, Peyrot-Clausade et al. (1999) suggested that the difference in the rates of bioerosion between La Saline reef (Réunion) and Tiahura reef (Moorea, French Polynesia) were due to differences in dominant coral species. Porites sp. constituted 94.2% of the living coral coverage on Tiahura and Acropora sp. 49% on Trou d' Eau reef flat. On the Great Barrier Reef, Risk et al. (1995) estimated that boring in Acropora formosa was two to three times higher than found in Porites lobata, which tended to support the hypothesis of Peyrot-Clausade et al. (1999) .
Although bioerosion in Porites, a massive scleractinian, by microborers and macroborers Peyrot-Clausade et al., 1992) has been well studied, there are only a few studies on Acropora (Musso, 1994 , Risk et al., 1995 and on branching coral rubble (Holmes et al., 2000) , and none regarding microborers.
The aim of this work was to study bioerosion in Acropora, a branched coral, on La Saline reefs (Réunion) at two sites. One site was exposed to nutrient-rich groundwater impact and the second site was undisturbed (Cuet et al., 1988 , Conand et al., 1998 . Grazing is also known to have significant effects on internal bioerosion of dead corals (Sammarco et al., 1987) . The damselfish, Stegastes nigricans, actively exclude other herbivores from their territories, and thereby create under-grazed patches in the environment. The relative abundance of bioeroding organisms and their boring activities within the tips of branches of dead Acropora formosa under variable grazing conditions and at disturbed and undisturbed sites.
MATERIALS AND METHODS

Study area
In October 1998, samples of Acropora formosa were collected from two sites of La Saline reef (Réunion, Indian Ocean) on the reef flat (figure 1): Trou d' Eau site which is an undisturbed site and where Acropora formosa constitute 12.3% of the coverage (Peyrot-Clausade et al., 1999) and Planch'Alizés, a disturbed site where coverage by Acropora was only 0.2% (Naïm, personal communication).
At each site, two kinds of branches of dead Acropora formosa were collected: branches which were grazed by the echinoid Echinometra mathaei and therefore without algal turf and fragments of Acropora covered with abundant algal turf in Stegastes nigricans territories. Living Acropora were also collected to act as controls.
Sample preparations and analytical procedures
Acropora species exhibit intra-colony variation in growth (Gladfelter, 1982; Oliver, 1984) and to minimize this variation, only the tips of colonies were used for bioerosion study. These tips were approximately 12 to 15 mm long and 7 to 10 mm in diameter corresponding to a volume varying between 0.5 to 1.2 cm 3 .
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The bulk density (i.e. the mass divided by the total enclosed volume) of living colonies of Acropora was measured from eight fragments collected near the tip of branches in the two sites. After removing all the living tissues with a sodium hypochlorite solution (13%), their enclosed volume were measured by water displacement of the samples covered by a thin waterproof coating and they were then weighed at 60°C.
Boring endoliths (microflora) were studied by fixing small chips of substrate in a buffered 2-3% formaldehyde solution in sea water and dissolved with 5% solution of hydrochloric acid. The extracted endoliths were then mounted on slides and observed by light microscopy.
Two methods were used to estimate the bioerosion by microflora. Small surface chips of Acropora were cleaned of organic matter using a sodium hypochlorite solution and observed by scanning electron microscopy and computer-aided image analysis (Visilog). Photomicrographs (ten per samples) were used to calculate an integrated average percentage of the surface of substrate removed by microflora . The depth of penetration of the microflora was determined from skeletal fragments embedded in araldite, cut open and partially etched to expose resin casts of microborings, and observed by scanning electron microscopy (SEM) . From these percentages of eroded surface and depth of penetration, the volume of CaCO 3 extracted by microflora was estimated, and using the figures obtained for the bulk density, the bioerosion was calculated in grams of CaCO 3 per cubic centimetre of dead coral substrate.
The boring meiofauna (diameter < 0.5 mm according to Kiene and Hutchings, 1994a) and macrofauna (diameter > 0.5 mm) were extracted from Acropora by dissolving branches with 18% hydrochloric acid after removal of epilithic algae and determination of their volume by water displacement. After substrate dissolution the boring species were separated from the cryptofauna. Estimates of bioerosion by fauna were made by determining the volume of all individuals extracted. It was not possible to measure meiofaunal bioerosion under SEM as per the microflora as their burrows were of similar size to the skeletal pores in Acropora.
A comparison of the boring flora and fauna biomass, allowed the relative importance of these two groups to be assessed. The resultant residue after acid dissolution was ranked and the boring flora and fauna identified, dried to constant mass at 60°C and weighed. found this boring flora biomass underestimated in comparison with results obtained after samples were dried at 450°C for 5 h to remove organic matter, and therefore a correction factor of 1.5 was applied.
The univariate data display (box-plots) developed by Tukey (Frigge et al., 1989 ) was used to illustrate the different results in the undisturbed and disturbed sites. Each sample is represented as a box, divided at the median, and 2 whiskers; the box length ends correspond to the first and last interquartile range and the whisker ends correspond to the first and the last decile. All the observations beyond these limits are plotted individually.
As the quantitative data obtained was in various units (percent, number of individuals per cubic centimetre, biomass in milligrams per cubic centimetre, etc...) different transformations (arc sinus for the percents, log(x + 1) for the counts of individuals, log (for the biomass) are applied to obtain homogeneity of variance. The variance homogeneity was tested by Cochran test (Sachs, 1984) .
Analysis of variance conducted were: a two-way Anova mixed nested model (model III) to define the optimism number of samples required, a series of 2-Anova fixed crossed model (model I) and a 3-fixed crossed model (model I) to compare principal factors effects and pos sible interactions. All analyses were performed with a 5% significance (Zar, 1984) using the statistical packages Statview 5 (1998) and Super Anova 1.11 (1991) . Mean values are given with standard deviations.
RESULTS
The biomass of boring fauna of five Acropora fragments of 0.5 cm 3 volume from three branches from each treatment (grazed and protected area) were analysed using a 2-way Anova (nested model) (table I). This indicated that the variability between fragments of the same branch is higher than the variability between the branches, so the fragments were taken at random in different branches from each sample. Five pieces of 0.5 cm 3 from each coverage at each site were necessary to be representative of biomass of boring fauna of the dead coral branches.
The bulk density of living Acropora was not significantly different between the two sites, (P = 0.1755) (table II) and the mean density estimated was 1.18 ± 0.2 g cm -3 . An analysis of the skeletal structure of living Acropora indicated that no microborers (figure 2) were present and that the mean size of pores was 99.46 ± 21.56 µm.
Boring microflora
Three endolithic species penetrate through the coral skeletons from the surface. Resin-cast preparations cut perpendicular to the surface of Acropora formosa revealed that the cyanobacteria Plectonema terebrans colonised the branch (up to 80% of the substrate) down to the central axis (figure 2); Mastigocoleus testarum was only present in the surface millimetre under the surface. The chlorophyte Ostreobium quekettii colonizes about 50% of the branch in all samples.
The percentage surface area removed by microflora from Acropora was significantly different between sites (P = 0.0001) and between grazed and ungrazed substrates (P = 0.025) (table III). The substrate covered with algal turf was less bored than the heavily grazed one and Acropora at the disturbed site, were significantly more perforated than those from the undisturbed site. The mean percentage of surface eroded by microflora was 25.24 ± 6.18 (table IV). The box-plots (figure 3) indicate a higher variability on grazed substrates than on ungrazed substrates.
The mean depth of penetration (table IV) varied from 0.483 ± 0.196 mm in the substrate with algal turf at the disturbed site to 0.889 ± 0.166 in the grazed substrate on undisturbed site. Using these figures the amount of bioerosion was calculated for each site and for both grazed and ungrazed substrates and varied from 0.22 ± 0.02 g cm -3 of CaCO 3 (table IV) in the algal turf covered Acropora at the undisturbed site to 0.38 ± 0.04 g cm -3 of CaCO 3 in Acropora subjected to grazing at the disturbed site. A 2-way analysis showed a significant difference between sites and between coverage of algae. Bioerosion by microflora was significantly lower at the undisturbed site than at the disturbed one, and also in substrates covered with algal turf when compared with grazed substrates (table III).
Boring fauna
The dominant groups found in the tips of Acropora were sipunculans and polychaetes. Molluscs and sponges were few and not considered in this study. The mean density of sipunculans varied from 1.02 ± 0.88 individuals cm -3 at the grazed Acropora of the disturbed site to 6.43 ± 4.01 individuals cm -3 in ungrazed substrates in the undisturbed site (table V). Polychaetes especially meiofaunal species, were more abundant than sipunculans with 91.70 ± 26.20 individuals cm -3 in the grazed substrate of the undisturbed site. The box-plots (figure 3) indicate that considerable variations in the density of figure 4A ). While high densities of sipunculans were found in dead Acropora covered with algal turf, polychaete densities were lower. Highest polychaete density was found in grazed substrates. A 3-way analysis performed on the densities of the abundant polychaete species, showed no interaction between the three factors (P = 0.1058) but a high interaction between coverage of substrate and polychaetes species (P = 0.0001). Substrates with large amounts of algal turf had high numbers of individuals of Polydora and Dodecaceria whereas the Sabellidae were more abundant in grazed substrates ( figure 4B ). The factors, sites and species also showed a significant interaction (P = 0.0393): Polydora sp. and Dodecaceria sp. were more abundant at the polluted site, whereas Sabellidae were more abundant at the undisturbed site ( figure 4C ).
Bioerosion by boring fauna varied from 0.05 ± 0.02 g cm -3 of CaCO 3 on grazed and ungrazed substrates at the disturbed site to 0.11 ± 0.05 g cm -3 of CaCO 3 at ungrazed substrates at the undisturbed site. A 2-way anova (table III) indicated that the amount of bioerosion was significantly different between grazed and ungrazed substrates (P = 0.03) but not between sites (P = 0.06). The box-plot indicated a large variability in the amount of bioerosion on ungrazed substrate at the undisturbed site (figure 3). Rates (mean ± SD) were calculated at the two sites and under varying levels of algal cover.
Boring flora and fauna biomass
The biomass of microflora was not related to the amount of algal cover (P = 0.46) but differed significantly between sites (P = 0.0007). Levels ranged from 55.00 ± 8.54 mg cm -3 at the disturbed site (table VII) to 31.36 ± 8.58 mg cm -3 at the undisturbed site. The boring fauna were significantly more abundant on ungrazed substrates regardless of site ( figure 5) . The maximum value of faunal biomass of 6.14 ± 3.01 mg cm -3 was recorded on ungrazed substrate at the undisturbed site and this was largely due to high numbers of sipunculans.
DISCUSSION
The micro-boring species in dead Acropora formosa from Réunion were those found typically in all coral reef carbonate substrates . Plectonema terebrans, Mastigocoleus testarum and Ostreobium quekettii are the principal species of microflora. Living Acropora were devoid of microborers and especially the chlorophyte Ostreobium quekettii, which produces green bands in living Porites (Le CampionAlsumard et al., 1995) . Lukas (1973) also recorded an absence of green banding in the distal part of fast growing Figure 3 . Box-plots of the calculated percentage of skeleton removed by boring flora and fauna, of the abundance of polychaetes and sipunculans and of the flora and fauna biomass in the two sites and under varying levels of algal cover. corals such as Acropora cervicornis and A. palmata, although large branches and trunks from those corals had green bands.
The dominant families of sipunculans and polychaetes found in Réunion were also found in dead Porites in Australia and in French Polynesia (Peyrot-Clausade et al., 1992) .
The mean percentage bioerosion of microflora on the coral surface, 25.24 ± 6.18%, was similar to that recorded from Porites blocks after one year exposure on Réunion reefs (26.9%) (Chazottes, 1994) . Microflora was distributed through the Acropora branch and had eroded about 0.29 ± 0.07 g cm -3 of CaCO 3 whereas in blocks of Porites, Chazottes (1994) recorded losses of The density of polychaetes was analysed on three dominant species, using a fixed crossed model. about 0.006 g cm -3 of CaCO 3 . The higher losses recorded for Acropora can be attributed to the large surface area available for recruitment compared to Porites. For example, in this study, 1 cm 3 of Acropora has a surface area of 6 to 8 cm 2 compared to 1 cm 3 of Porites with only 1 cm 2 of surface (Chazottes et al., 1995) .
The mean density of all worms was higher than recorded from calcareous substrates studied . The meiofaunal polychaetes were the most abundant group of borers with 72 individuals cm -3
; in contrast Pari et al. (1998) recorded only 5 individuals cm -3 in Porites in French Polynesia. The mean density of sipunculans in this study was 6.4 ± 4.0 individuals cm -3 , whereas only 1.1 ± 0.5 individuals dm -3 were reported from branched Acropora on Tulear reef, Madagascar (Peyrot-Clausade and Brunel, 1990) . Their rate of boring activity (5.5% of CaCO 3 excavated) was similar to that found in Acropora cuneata at Lizard Island (Musso, 1994) .
Impact of eutrophication on Acropora bioerosion
Acropora collected at the disturbed site, Planch'Alizés, had more of the surface area bored by microflora (30.81% of CaCO 3 eroded) than at the undisturbed site (19.68%). The biomass of the boring flora was also higher at the polluted site than at the undisturbed site, with large amounts of chasmolith (sensu algae). Similar results were recorded from Porites experimental blocks by Chazottes (1994) on Réunion reefs. Meanwhile, Kiene (1997) found that microbioerosion on ENCORE experiments on the Great Barrier Reef, was not influenced by the nutrient treatments. He explained this lack of response by microborers to the fact that sufficient nutrients were already available.
While no significant differences in the total number of boring species were recorded between sites, the suspension feeding Polydora spp. and deposit feeding Dodecaceria spp. which are characteristic of polluted sites (Davies and Hutchings, 1983; Lewis, 1998) were more abundant at Planch'Alizés. Similarly, boring sponges Cliona were more abundant at the disturbed site (Pari, 1998) with 60% of the Acropora branches infested whereas only 20% of branches were colonized at the undisturbed site. Holmes (1997) found that the mean proportion of Porites rubble invaded by clionids increased from the least eutrophic to the most eutrophic reefs.
Impact of coverage of substrate on Acropora bioerosion
The rates of microflora bioerosion were higher in grazed substrates (0.36 ± 0.04 g cm -3 of CaCO 3 ) than in ungrazed substrates, i.e. those samples collected in Stegastes territories and covered with algal turf (0.28 ± 0.02 g cm -3 of CaCO 3 ). Chazottes et al. (1995) suggested that the constant removal of substrate by grazers facilitates the deeper penetration of microborers into the substrate. In this study the mean depth penetration in grazed Acropora was 0.70 mm, and only 0.58 mm in ungrazed substrates.
The meiofauna was also more abundant in the grazed substrates compared with ungrazed substrates. This conflicts with Hutchings (1986) who predicted that high grazing pressure would reduce larval recruitment, as the grazing would remove algal turf and newly settled faunal recruits. This study suggests that grazing may be benefi Values are mean ± SD. cial to larval recruitment by creating irregularities on the coral surface that facilitates settlement. Meiofaunal species may actively select Acropora substrate, as its natural high porosity allows them to penetrate easily. The macrofauna such as sipunculans were more abundant in Acropora covered with algal turf. Sipunculans are deposit feeders and may feed on small particles trapped in the algal turf, and this may provide protection from predators. Pari (1998) also recorded an increase in boring sponges in Acropora collected in damselfish territories. Sammarco et al. (1987) , working on the Great Barrier Reef, also recorded higher rates of bioerosion by macroborers in damselfish territories compared to areas outside their territories.
In conclusion, the high rate of microbioerosion recorded for dead A. formosa as a result of a low ratio volume/ surface area and an high porosity of 61.95 ± 2.14% (Bucher et al., 1998) , would facilitate the rapid fragmentation of this coral in comparison to Porites, which has lower rates of microbioerosion and porosity of 36% (Guillaume and Carrio-Schaffhauser, 1985) . This high rate of microbioerosion will be increased by elevated nutrient levels in the water column, with the agents responsible for this loss varying according to whether the substrate is grazed or ungrazed.
